Abstract: Public engagement is increasingly important in ensuring the success of projects related to energy development, particularly with regard to issues of environmental protection, public health, and socio-economic impacts. This is due to concurrent trends in public behavior, including a rise in public interest in these projects that is not matched by a rise in science literacy, and increasing organization and participation of the public through social media, citizen science, and grassroots initiatives. In recent years, several high-profile incidents have demonstrated that when public concern is ignored or met with a passive response from industry, it can rapidly grow into organized opposition that negatively impacts or wholly derails a project. Engaging, listening to, and educating stakeholders during early planning and development phases are therefore essential to earning credibility and trust. Moreover, maintaining two-way lines of communication throughout the lifespan of a project demonstrates social responsibility and facilitates cooperation, acceptance, and even support from communities and others. Positive experiences with specific projects at a local, community level can influence the larger public opinion of an entire industry sector. This paper presents cases studies of public engagement related to shale gas development (including hydraulic fracturing and pipeline construction), mountaintop removal mining, and management of mixed-use watersheds near surface mining operations. The experiences highlighted in these case studies are used to draw best practices of public engagement for sustainable energy development.
Introduction
Within the scientific research community, the importance of public engagement has gained increasing recognition. In a 2007 article in Nature, medical researcher, Patrick Taylor, stated that public engagement has both "gone viral" and "gone global" and has the ability to make real impacts to research (Taylor 2007) . Nancy Baron, the science outreach director for COMPASS, an organization providing communications training for scientists, provides further evidence for the increasing focus on engagement, including shifting attitudes observed during her own experience as a communications coach and documented in surveys, the recent inclusion of communication and engagement activities in academic tenure review, and the surge of workshops, materials, and other resources available on the subject (Baron 2016) . In addition to COMPASS, a number of organizations and institutes have been developed to train scientists for communication and engagement with the public, perhaps most notably the Alan Alda Center for Communicating Science at Stony Brook University, and academic fellowship programs, such as the Leopold Leadership Program at Stanford University and the Wilburforce Fellowship Program, have been established for the same purpose.
The need to engage with the public extends to industry as practitioners of scientific research and technology. Within the energy sector, engagement is especially important for issues related to environmental protection, public health, and socio-economic impacts. These issues tend to elicit concern and opposition from the public, who are more organized than ever through social media, citizen science, and grassroots initiatives. If ignored, public opposition can negatively impact or derail industry projects related to energy development. As one reader stated in a letter to Nature, " [p] ublic [skepticism] about science, compounded by poor communication, is standing in the way of implementing sustainable technologies that could solve pressing global issues, such as the provision of sufficient clean energy, water and food" (Slippers 2013) . Another related issue is the lack of science literacy among the public. Anita Makri, a writer and mentor with the New York Academy of Sciences, explains that when the public lacks the tools and capacity to understand science, "emotions and beliefs that pander to false certainties become more credible" (Makri 2017) . The benefits of engagement may be easy to underestimate when considered for an individual project, but success at a smaller, community level can positively impact the larger industry. Similarly, failure at the community level can hurt the larger industry and possibly perpetuate misinformation or fuel larger opposition. Overcoming communication obstacles and knowledge gaps through effective public engagement is critical to ensuring the success of individual, community-level projects and to supporting the future of sustainable energy development.
Industry groups, however, could face challenges in connecting with the public who may be less receptive to messages from the corporate versus scientific communities. A 2010 survey conducted by sister publications, Scientific American and Nature, asked participants to rate their level of trust of different groups of people as sources of accurate information on a scale of 1 (strongly distrust) to 5 (strongly trust) (In Science We Trust: Poll 2010). Scientists scored the highest level of trust out of all groups, averaging 3.98, while companies averaged a score of only 1.78, squarely in "distrust" territory. It is difficult to estimate the degree to which distrust of companies may be influenced by a lack of corporate engagement to date. Additional groups scoring higher than companies include friends or family, nongovernmental organizations (NGOs), citizen groups, and journalists. The survey was limited to the magazines' readership and, therefore, not representative of the general public, but it still provides a strong indication that industry groups wishing to engage the public will find their messages in competition with those from a number of variably-informed sources.
Industry groups pursuing engagement in order to earn approval for their projects or operations, often called "social license" to operate, face a daunting challenge: how? Baron refers to the gap between interest in communicating with the public and successful engagement as the "valley of death" (Baron 2016 ). Many engagement practices utilized and recommended by the scientific research community are transferable to industry groups and are summarized below.
• Collect input from the public. Questions should be specific and address existing perceptions, concerns, and anticipated impacts to quality of life (Taylor 2007) . This recommendation implies first defining a role for the public and identifying objectives for communication that produce actionable public input.
• Earn trust. This is an overarching goal to all communications that is served by all engagement activities. However, trust is earned most directly through these key, interrelated practices:
• Demonstrate transparency. The challenge of transparency is described as "owning up to [uncertainties] while still maintaining authority" (Makri 2017 ). In addition to addressing uncertainties in their work, scientists should disclose (and limit) any conflicts of interest, including corporate, political, or financial interests (In Science We Trust 2001 , Taylor 2007 ). Failure to be upfront and forthcoming can cause the public to doubt the competence of scientists or infer bias, undermining trust.
• Build credibility. This practice aligns with transparency but involves demonstrating foresight of and plans to manage unintended or "runaway" consequences (Taylor 2007) . It also involves understanding the values held by the public and using them to connect and communicate more meaningfully with them (Resolve to Engage 2017). Baron cites studies by Dudo and Besley (2016) and Fiske and Dupree (2014) showing that the educational approach researchers often favor in communicating with the public is not consistent with "willingness to listen" on the part of the public, which is instead related to "how likeable, warm and authentic they find the speaker" (Baron 2016 ).
• Educate. Improving science literacy builds the capacity to understand information, accept scientific uncertainties, and, ultimately, trust the work of scientists (In Science We Trust 2001 , Makri 2017 . Education also involves correcting misinformation and fake or misleading news (Taylor 2007 , Resolve to Engage 2017 .
• Be creative. Taylor emphasizes a need to be "continuously creative" in public engagement and supports the simultaneous use of multiple approaches which could include polls or surveys, face-to-face meetings with the public, or written correspondence (Taylor 2007) . Incorporating science-related imagery into outreach materials and communications may be beneficial, as participants in a recent survey indicated higher responsiveness to science imagery compared to text (Bucchi and Saracino 2016) .
• Use social media. The role of social media has become so significant in society that, while it could be considered a tool for conducting the engagement practices above, it warrants distinction as a fundamental practice itself. Experts stress the importance of social media as resource for learning about engagement and as a platform to engage with the public, promote science literacy, and correct misinformation from other sources (Baron 2016 , Resolve to Engage 2017 .
Recent examples of public engagement related to energy development are considered in the following sections in order to demonstrate the benefit of implementing engagement practices or the cost of failing to. The experiences highlighted in these examples are used to draw additional best practices for corporate-public engagement to support sustainable energy development.
Missed Opportunities in Shale Gas Development:
Fracking and Natural Gas Pipelines
Much of the American public supports the use of natural gas for energy production and heating from the environmental perspective that it is cleaner-burning than other fossil fuels such as coal or oil. Yet a sizeable segment of the population objects to aspects of natural gas development, especially the practice of hydraulic fracturing, or "fracking," of tight shale reservoirs, despite its critical role in keeping gas costcompetitive with other fuels. A 2016 Gallup poll revealed that a majority of 51 percent of Americans are opposed to fracking, an increase from 40 percent the previous year (Swift 2016) . Nearly a decade after fracking first became a matter of public controversy, the shale gas industry has yet to issue an organized response to the still-growing opposition of the practice. Science supports several environmental advantages to fracking that could resonate with the public. Combined with lateral drilling technology, fracking dramatically reduces the surface footprint of natural gas development by allowing more gas to be produced from each well and reducing the number of wells required to develop a gas field. Estimates of surface impacts related to well drilling show that traditional, vertical drilling impacts an area on the surface that represents approximately 10 percent of the areal extent of the subsurface reservoir, while the combined technologies of fracking and multi-lateral drilling used for shale gas development provide a reduced impact of only 0.7 percent (Energy in Depth 2012). In response to public pressure, the U.S. Environmental Protection Agency (EPA) recently conducted a national-scale assessment of the potential impacts to drinking water posed by fracking. In a draft report of the results, the EPA states there is no evidence for "widespread, systemic impacts" from fracking to date (EPA 2015) . Activities related to shale gas development have been linked to felt seismicity, notably in Oklahoma and Ohio, but this is correlated almost exclusively with the injection of wastewater in deep disposal wells (Keranen et al 2014 , Walsh and Zoback 2015 , Kim 2013 ); a common misconception that the seismicity is caused by fracking, perpetuated by many reputable media outlets (e.g., see Conca 2016 , Fischetti 2012 , Wattles and Egan 2016 , has not been corrected by the industry, despite the fact that a fracking ban would halt gas production while a ban on deep wastewater injection would not. An additional misconception is that shale gas fields could continue to be developed in the U.S. without fracking, but enhanced reservoir permeability achieved by fracking is the key to producing gas at economic rates. Natural gas production in the U.S. relies on fracking, and the environmental benefits of using natural gas for energy production are significant. Global energy-related CO2 emissions rates calculated by the International Energy Agency (IEA) showed no increase during the years 2013-2015, while economic growth continued, marking a significant decoupling of the two trends (IEA 2016). U.S. energy-related CO2 emissions declined by two percent in 2015, due primarily to conversion from coal-to gasgenerated electricity (IEA 2016) .
Another aspect of natural gas development that generates opposition is the construction of natural gas pipelines. The growing demand for natural gas in the U.S. is matched by a need for new gas infrastructure, and pipelines are considered the safest and most reliable way to transport large volumes of gases or liquids (PHMSA-DOT 2017a). Pipelines must pass inspections at federal and state levels and are regulated under the Code of Federal Regulations (CFR), Title 49: Subpart B-Chapter 1, which requires that operators of pipelines near "high consequence areas"-determined by factors including proximity to people, surface and drinking waters, and/or ecological resources, depending upon the type of pipelinedevelop pipeline integrity managements programs which must be re-evaluated and updated annually (PHMSA-DOT 2017b). However, large-scale, organized protests focused largely on perceived environmental and safety risks of natural gas pipelines have compromised the development of new infrastructure in several locations. Demands from pipeline protest groups are often extreme, aimed at stopping the construction of new pipelines rather moving them to areas of lesser impact. Halting pipeline construction, however, would not halt gas production or usage; instead, natural gas would be compressed or liquefied and transported on roadways and, in limited parts of the U.S., by rail. These options have their own safety risks, related to the extreme pressures and temperatures required for storage and the increase in tractortrailer traffic. Additionally, some perceived safety risks of natural gas pipelines may be unfounded or inflated. Some pipeline objectors believe, falsely, that transmission and distribution pipelines carry frack fluid. From 1997-2016, the average number of annual pipeline-related fatalities was 16 and most serious incidents involving pipelines were classified as due to "excavation damage" or "other outside force damage" (PHMSA-DOT 2017c), suggesting that the limited, immediate risks lie in construction-related activities and are possibly preventable. Additional perspective may be gained by considering that much of the public accepts the risks of using natural gas for home heating, cooking, and certain appliances, although national statistics show that natural gas, specifically, is the source of almost 8,000 home fires annually (Hall 2014) , including more than 30 civilian fatalities, and surely contributes to a number of the annual 400+ fatalities from non-fire-related carbon monoxide poisoning (CDC 2014) .
The natural gas industry has missed an opportunity to engage and educate the public -and, in some cases, correct the record -on concerns related to natural gas development. The passive reaction of industry to large-scale public opposition perpetuates an impression that industry does not share the values or concerns about environmental and human safety held by the public, and industry has lost credibility and trust as a result. Perhaps a telling indication of this is that the Sierra Club, a prominent environmental organization which once strongly supported the development of natural gas resources to replace coal, now states that "as we phase out coal, we need to leapfrog over gas" (Sierra Club 2017).
Self-Branding as Self-Sabotage: Fracking and Mountaintop Removal Mining
The use of the term "fracking" to refer to hydraulic fracture treatments of tight oil or gas reservoirs originated with the oil and gas industry itself. It is often suggested that the term sounds violent or crass, and some language experts support the idea that the relationships we make between the form and the meaning of words is not arbitrary but sound-symbolic (Perniss et al 2010 , Nuckolls 1999 . A well-known example of sound-symbolism is the "bouba/kiki effect," which refers to a now-famous experiment in which participants were shown two abstract shapes and given two names, "bouba" and "kiki," to assign to them (Ramachandran and Hubbard 2001 ). An overwhelming 95 percent of participants named the more angular, spiky shape "kiki" and the smoother, rounder shape "bouba." Many members of the public who oppose fracking also agree that the term sounds offensive and exploit this sound-symbolism to fuel opposition and market fracking as an assault on the earth. By inventing the term, industry essentially handed the public this ammunition. A similar case from the mining industry relates to "mountaintop removal mining," a name which also originated within its industry. Mountaintop removal mining (MTR) has encountered tremendous opposition from environmentalists in the Appalachian region where it is practiced as a surface coal mining method. Here, local populations consider the mountains central to their way of life. The name is descriptive of the operation but gives an exaggerated impression of the impact as extreme and permanent. When an MTR operation is complete, operators are required under Title 30: Chapter VII of the CFR to 1) return the land surface to its approximate original contour (AOC) within 50 feet and provide revegetation or 2) convert the land to a higher, alternative use, such as a recreational area (CFR 2017). The same regulations also require that operators post reclamation bonds prior to operating to ensure land reclamation will be conducted regardless of whether the mining operation is successful. Mountaintop removal mining does have an environmental impact where it is conducted, but it is not as devastating or permanent as images that the name may conjure of eternally decapitated mountains.
It is difficult to estimate the impact that the industryderived terms, "fracking" and "mountaintop removal mining," have had on public concern and opposition. Reactions from environmentalists might not have been so passionate if the practices had been given names that were descriptive and accurate but less provocative-perhaps "flow stimulation" or "flow-stim" instead of "fracking" or "high topographic mining" instead of "mountaintop removal mining." The natural gas and mining industries failed to anticipate reasonable reactions and concerns from the public to their inhouse terminology. In these cases, the inability to understand and connect with the public on their values not only hurt the industries' credibility and trust with the public, but also motivated the opposition. Underlying these shortcomings may be a larger failure on the part of the industries to anticipate that the public would even encounter these terms, suggesting a greater ignorance for the role of public engagement.
Management of Mixed-Use Watersheds Near Surface Mining: Untapped Potential
The Appalachian region of the U.S. represents a juxtaposition of valuable natural resources. With expansive coal reserves, and now accessible natural gas, the region is a significant contributor to the nation's energy supply. Additional resource development includes metallurgical coal for both domestic and international steel production and forest products for a range of end uses. On the other hand, Appalachia is recognized as global biodiversity hotspot, with its mountain streams and terrain supporting a plethora of aquatic organisms and wildlife. Scientific efforts to characterize relationships between water quality and anthropogenic stressors in this region have focused on the impacts of extractive industries, and have largely ignored other known sources of contamination. The Appalachian region has long suffered from widespread socio-economic depression (ARC 2011), which has manifested in a variety of outcomes, including inadequate infrastructure and public services for municipal water distribution and sanitation. The management of mixed-use watersheds, such as those impacted by mining and residential communities, therefore, represents a regionally-unique challenge that lies at the practical intersection of economic, social, and environmental domains. Surface mines typically have large footprints, which can lead to significant surface water quality impacts via discharge of sediment, metals, acid or base, or dissolved solids. Elevated dissolved solids (generally approximated with specific conductivity) downstream from mining activities has become a serious concern in Appalachia due to detrimental effects on aquatic organisms (e.g., see Merricks et al 2007 , Pond et al 2008 , Cormier et al 2013 . However, insufficient or non-existent sewage treatment in many isolated communities (Glasmeier and Farrigan 2003, Gasteyer and Vaswani 2004) presents additional downstream concerns, including water quality and ecosystem impacts as well as public health risks.
The industrial discharges from surface mining are highly regulated under the U.S. Clean Water Act through permitting, monitoring and enforcement activities. However, residential discharges of household wastewater, while locally recognized, are rarely addressed (Cook et al 2015) due to limited economic resources, challenging geological constraints, impractical sewage treatment requirements, and insufficient characterization of the impacts of sewage discharges. The result is that management many of mixed-use watersheds in Appalachian is likely insufficient because efforts are focused almost unilaterally on one source of impairment while another source, associated with human health risk, is largely neglected.
This issue of mixed-use watershed management in Appalachia represents an opportunity for corporate-public engagement that is especially meaningful because of the potential direct involvement of both industrial and community stakeholders. It has been suggested that proper identification and engagement of these various, specific stakeholders is paramount to developing and supporting effective watershed management solutions with long-term viability (Cook et al 2015) . Key groups in this case necessarily include industry members, regulatory agencies and technical experts, but participation and buy-in of local community members, municipalities, and NGOs is also critical. The power of a strong stakeholder network here is in the ability to creatively align resources in order to solve the problems at hand. Collectively, the network includes cultural resources (i.e., contextual knowledge of how surface waters are valued and used), technical resources (i.e., capabilities for identification of the bases for conflict between various water uses, and feasible solutions), economic resources (i.e., the means for implementing solutions), and governance (i.e., the procedural framework for implementing solutions). In a few cases, the veracity of diverse stakeholder engagement has been demonstrated for the management of mixed mining and residential use watersheds (e.g., Cassell and Cantrell 2000) . But, given that such circumstances can be found all across Appalachia, significant potential exists for further progress.
Discussion and Best Practices of Public Engagement for Sustainable Energy Development
The experiences of public engagement described in the sections above have important implications for sustainable energy development. Several examples demonstrate the considerable cost industry pays by not engaging the public on their concerns or correcting misinformation; the public can grow to oppose industry practices that support objectives for environmental protection and human health and safetyobjectives the public generally values-when industry does not explain or defend them. Some sectors of the energy industry face an especially difficult path to meaningful engagement because, in addition to the lack of trust the public has for companies in general, the negative perceptions and "scare stories" surrounding some energy development practices (which industry has passively allowed to propagate) resonate more with the public than data or information that may come along to negate them (In Science We Trust 2001). A point of encouragement, however, is the clear evidence for widespread public interest in issues related to energy development, which suggests that if industry provides attractive opportunities, the public may engage genuinely on these issues and could potentially serve a supportive role through social media or citizen science initiatives. An overarching message from these experiences echoes an observation made by Taylor that "[p]ublic involvement is inevitable, whether invited or not" (Taylor 2007) . By extension, it is important for the energy industry to recognize that 1) it participates in public engagement regardless of its intent to, and 2) that engaging intentionally and meaningfully is its best opportunity to shape the conversation that will exist surrounding its practices and support existing and new efforts toward sustainable development. The experiences described in the sections above also suggest additional best practices for public engagement. Unlike those considered previously, which support efforts to improve general understanding among the public of sciencerelated topics, these more specifically support corporatepublic engagement on specific industry practices or projects at a community level. These additional best practices are designed to complement, not replace, those described previously and are summarized below.
• Engage early. Early efforts should focus on listening to and learning from the public about their values and concerns in order to proactively address them before a new project impacts their community. Earning the social license to operate in advance of a project supports smoother operations throughout its lifespan.
• Implement an engagement plan. Set and share expectations for communication with the public, including a communications schedule. Adherence to the plan will build credibility with the public. Although a company may find success in developing and repeating certain engagement models, an engagement plan should be tailored to the unique community involved, including its needs and values, and can be adapted over time as the needs of both the project and community change.
• Maintain a presence. Continuous, active participation in engagement activities with the public is key to retaining social license throughout the lifespan of a project. Frequent communication with the public will help to ensure continued support and present opportunities to openly discuss unexpected outcomes before they become problems.
• Build a strong stakeholder network. A welldeveloped network of invested stakeholders adds resources for problem-solving beyond those within an individual company. Stakeholder groups should be diverse and include all relevant players.
• Partner with researchers and scientists. Because it has been suggested that the public puts more trust in scientists than in companies (In Science We Trust: Poll 2010), consider involving researchers and scientists in a project (in roles that involve direct engagement with the public) to establish or restore credibility.
• Exercise thoughtful self-branding. The development of in-house terminology related to industry practices should anticipate eventual public awareness and reaction. Thoughtfully-developed terminology can be accurate and not invite unwarranted controversy.
• Consider broader impacts. In conducting a costbenefit analysis for public engagement related to an individual project, consider risks and impacts beyond the project-and community-levels. Anticipate the consequences of a positive or negative experience for the larger industry and public.
• Facilitate citizen science. Where resources and interest are sufficient, community stakeholders can be trained to participate in certain project tasks related to environmental monitoring and data collection, promoting a sense of personal investment in the project outcome.
Conclusions
The role of public engagement in energy development is especially important for issues related to environmental protection, public health, and socio-economic impacts, which tend to elicit concern stemming from community fears. Success or failure to engage meaningfully and build trust on these issues at a community level can have significant impacts on both the project at hand and the industry on a wider scale. Recent examples of public engagement related to shale gas development and mountaintop removal mining demonstrate the consequences of failing to engage with or anticipate reactions from the public, including the loss of credibility and trust, the perpetuation of misinformation about industry practices and their safety, and even the potential to further motivate public opposition. These examples convey the need for early, intentional engagement by industry that includes frequent communication, adaption to changing community needs, and anticipation of broader impacts beyond the scope of an individual project or community. An additional case study of mixed-use watershed management for residential communities near surface mining highlights the opportunity for industry and community stakeholders to combine resources in order to implement sustainable solutions for community and environmental health. A set of best practices, specifically for public engagement by industry, have been drawn from these varied experiences. In combination with established practices from the science community, these recommendations for corporate-public engagement can be used to build positive public relations and support projects related to sustainable energy development.
